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Abstract 
In the present work biological removal of Cr(VI) was carried out in fed batch  mode of operation using the 
growing cells of Fusarium solani isolated from soil. The fed batch process was studied by constant volume pulse 
feeding (CVPF) and increasing volume pulse feeding (IVPF), and the effects of these operational strategies on 
biological performance were compared with a conventional batch process. Batch studies indicated the maximum 
specific Cr(VI) removal to be  71 mg/g at pH 5.0 and at 500 mg/l initial Cr(VI) ion concentration. In CVPF 
process the maximum specific Cr(VI) removal was found to be 35.51 mg/g and 25.15 mg/g as compared to 51.9 
mg/g  and 42.5 mg/g obtained in IVPF during first and second pulse feedings respectively in both the cases. These 
results were compared with the Cr(VI) removal obtained in earlier studies conducted by the present authors using 
the continuous  mode of operation. The continuous mode of operation was found to be the best operational strategy 
in which the process could be operated for longer duration with maximum specific Cr(VI) removal of 62.27 mg/g. 
Nearly complete removal was obtained using single stage reactor at lower Cr(VI) concentrations up to 100 mg/l 
and a multi stage reactor at higher Cr(VI) concentration. 
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1. Introduction 
Cr(VI) is one of the toxic heavy metals which are common pollutants of the environment [1]. Wastewaters containing 
Cr(VI) are generated in many industrial processes including chrome plating, metal cleaning and processing, wood 
preservation and alloy preparation etc., [2] and are often being discharged into natural environment with out getting any 
treatment especially from small and medium scale industries. This is of serious environmental concern as Cr(VI) persists 
indefinitely in the environment complicating its remediation. The persistent nature makes it accumulate in the food chain, 
which with time reaches harmful levels in living beings resulting in serious health hazards such as irritation in lungs and 
stomach, cancer in digestive tract, low growth rates in plants, death of animals, etc. Conventional methods for removing 
toxic Cr(VI) from wastewaters include chemical reduction followed by precipitation, electrochemical treatment, reverse 
osmosis and ion-exchange. However, such processes require high energy or large quantity of chemical reagents. Moreover, 
these methods are ineffective at lower concentration of metal ions present in large volume of wastewaters and generate large 
quantity of toxic sludges, disposal of which again causes secondary pollution [3]. Environment friendly processes, therefore, 
need to be developed to clean-up the environment without creating harmful waste by-products. Bioremediation involves 
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potential application of microorganisms in removal of heavy metals and has been recognized as a potential alternative to the 
conventional methods for treatment of contaminated wastewaters [4].  
The growing, resting and non-living cells of microorganisms are reported to remove Cr(VI) from aqueous solutions. 
However, most of the work to remove Cr(VI) have been carried out using non-living fungal cells and a very little 
information is available on use of growing and resting cells.  The use of non-living cells has advantages over growing and 
resting cells due to the absence of both toxicity limitations and requirements of growth media and nutrients. Moreover, 
adsorbed metal can be easily desorbed and regenerated biomass can be reused. However, the most important limitation with 
non-living biomass is that biochemical cell energetic reactions are no longer continued as the cells are dried, whereas both 
growing and resting cells can be maintained biochemically active. Resting cells have the advantage that they require very 
low maintenance energy to remain biochemically active, whereas growing systems have the advantage over the non-living 
and resting cells that the simultaneous removal of metal is obtained during growth of the organism and  separate biomass 
production processes e.g., cultivation, harvesting, drying, processing and storage can be avoided of course the major 
limitation of using growing systems for biosorption of metals is that cell growth is inhibited when the metal concentration is 
high. This problem can be overcome by the use of metal tolerant organism. The tolerance and removal capacities are the 
essential characteristics of growing biomass used in a metal removal process [5-17]. 
In the present study, different operational strategies were tried to achieve the maximum removal of Cr(VI) from the 
medium using Fusarium solani during its growth. The fed batch operational strategies (pulse feeding operation) aimed at 
maintaining availability of fresh nutrient medium and minimization of the inhibitory effect of the dissolved components in 
media. Pulse feeding was carried out in two modes of operation as constant volume pulse feeding (CVPF), i.e., intermittent 
feeding with simultaneous withdrawal of medium and increasing volume pulse feeding (IVPF), i.e., intermittent feeding  
without withdrawal of medium.  
2. Materials and Methods 
2.1.  Microorganism and inoculum preparation 
Fusarium solani isolated from soil was used in the present study [18], which was grown in 250 ml Erlenmeyer flask in 
a shaking incubator at 30
o 
C and 180 rpm using media of the following composition (g/L): glucose, 10.0; K2HP04, 0.5; NaCl, 
1.0; MgS04, 0.1; NH4N03, 0.5 and yeast extract, 5.0. The pH of the media was 6.0. An inoculum of 10% (v/v) of a 36 h old 
culture was used for the Cr(VI) removal studies. 
2.2.  Batch studies  
Batch study was conducted in Erlenmeyer flask (250 ml) using media (100 ml) containing Cr(VI), to which a 10% (v/v) 
inoculum was added. The flask was incubated at 30
o 
C and 180 rpm. The pH was adjusted to 5.0 using sulphuric acid. The 
process was monitored with time till the substrate limiting condition was reached. The samples were periodically withdrawn 
and centrifuged at 5000 rpm for 30 min and the supernatant liquid was separated and analyzed for residual Cr(VI) 
concentration and residual sugar concentration. The biomass collected by centrifugation was washed, dried and the dry 
weight of biomass was estimated gravimetrically. All experiments were performed in triplicates. 
2.3. Fed batch studies 
2.3.1. CVPF 
This mode of operation consists of intermittent feeding with simultaneous withdrawal of medium. In a fed batch 
bioreactor (working volume-3 l) a 10% (v/v) inoculum concentration was added to the medium containing 500 mg/l initial 
Cr(VI) concentration at pH 5.0. The volume of the medium initially was kept at 3 l and the process of Cr(VI) removal was 
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monitored for 5 days when substrate was completely utilized. The first pulse feeding was performed on the 5
th
 day. One litre 
of homogeneous medium was drawn out of the reactor and fresh medium (1 l) containing required quantity of Cr(VI) to 
maintain 500 mg/l Cr(VI) concentration was  added  to  bring the volume to its original (3 l). On  the  12
th 
 day  next pulse  
feeding  was  performed  and  the process was monitored till 19
th 
 day.  
2.3.2. IVPF 
In IVPF mode of operation carried out in a fed batch bioreactor (working volume-3 l) under the conditions as 
described in case of CVPF, the volume of the medium initially was kept at 1 l and the process was monitored for 5 days 
when substrate was completely utilized. On the 5
th
 day, 1 l fresh medium was added to the reactor and similar addition was 
done on the 12
th
 day. The process was monitored till 19
th
 day.  
In both CVPF and IVPF operations, the liquid samples collected periodically were analyzed for residual Cr(VI) 
concentration and residual substrate concentration.  The biomass collected was estimated gravimetrically. All experiments 
were performed in triplicates. 
3. Assay Techniques 
The residual Cr(VI) concentrations in the medium was determined spectrophotometrically (Sytronics UV-VIS 
spectrophotometer 117) at 540 nm using Di-phenyl carbazide as the complexing agent [19]. The sugar concentration in the 
medium was analyzed by di-nitro salicylic acid (DNS) method at 540 nm [20].  
4. Results  
4.1. Batch studies 
Figures 1a and 1b show the changes in biomass concentration (gm of dry biomass weight per litre of liquid medium) 
of Fusarium solani and residual glucose concentration (g/l), respectively with time (h) in the medium at different initial 
Cr(VI) concentrations (0-5000 mg/l) and at initial medium pH 6.0. The figure 1a clearly shows that in the absence of Cr(VI)  
the lag period was 3 h followed by the exponential phase of growth (up to 30 h).  The growth of the Fusarium solani reached 
stationary phase within 36 h.  
 
Fig. 1 (a) Change in biomass concentration of Fusarium solani with time at different initial Cr(VI) concentrations 
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Fig. 1 (b) Change in residual glucose concentration with time at different initial Cr(VI) concentrations 
The Figure 1b indicates complete utilization of glucose in 36 h of incubation period in the absence of Cr(VI) ion. In 
the presence of Cr(VI), the fungus was able to grow even at 2000 mg/l initial Cr(VI) concentration (Figure 1a). The  lag  
period was found to be nearly the same up to 500 mg/l initial Cr(VI) ion concentration, beyond which the lag period 
increased with increase in initial Cr(VI) ion concentration up to 2000 mg/l.  
The change in pH with time at different initial Cr(VI) concentrations (0-1000 mg/l) during the growth of Fusarium 
solani shown in Table 1. In the absence of Cr(VI) ion, pH decreased from an initial value of 6.0 to 4.8 in 15 h, i.e., the early 
phase of the exponential growth (Figure 1a) and then gradually increased to 5.6 in 36 h when glucose was completely 
utilized (Figure 1b). 
Table 1 Change in pH at different time of growth of Fusarium solani at different initial 
Cr(VI) concentrations 
Initial Cr(VI) conc. (mg/l) 0 100 250 500 750 1000 
Time (h) pH values 
0 6.0 6.0 6.0 6.0 6.0 6.0 
6 5.2 5.8 5.8 5.8 5.8 5.9 
12 4.9 5.5 5.6 5.6 5.8 5.8 
15 4.8 5.4 5.5 5.5 5.7 5.7 
18 5.0 5.3 5.85 5.4 5.7 5.7 
24 5.1 5.1 5.3 5.3 5.7 5.7 
36 5.6 5.3 5.5 5.2 5.4 5.4 
48 -- 5.5 5.9 5.1 5.2 5.2 
72 -- 6.5 6.0 6.3 5.4 5.7 
96 -- -- 6.2 6.4 5.9 5.9 
120 -- -- 6.5 6.5 6.5 6.5 
A similar trend was observed in the presence of Cr(VI) ions at all the concentrations, i.e., pH decreased from an initial 
value of 6.0 to 5.1-5.3  in the early phase of the exponential growth and then gradually increased to 6.5 when glucose was 
completely utilized. 
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Batch studies on Cr(VI) removal indicated maximum specific Cr(VI) removal at pH 5.0 using growing cells of 
Fusarium solani at  500 mg/l initial Cr(VI) concentration. At the same concentration about 64% removal was observed, 
although nearly complete removal was obtained at lower concentration up to 100 mg/l. A similar trend was observed in 
continuous mode of operation. At 500 mg/l concentration, Cr(VI) removal was only to the extent of 62.27 mg/g which was 
found to be 54.8% of the initial 500 mg/l concentration. As it was not possible to obtain complete removal at higher Cr(VI) 
concentrations, alternate strategies were tried to operate the process in a fed batch reactor in two different modes of pulse 
feeding operations i.e., CVPF & IVPF. Enhanced Cr(VI) removal was expected in fed batch operation as compared to the 
batch due to the availability of fresh medium containing nutrients and the dilution of the medium minimizing the inhibitory 
effect of the dissolved components in the medium. 
Figure 2 shows the changes in residual Cr(VI) concentration in the presence of Fusarium solani with time in  constant 
volume pulse feeding (CVPF) mode of operation at 500 mg/l initial Cr(VI) concentration and at pH 5.0. In CVPF, the 
volume of the medium (containing 500 mg/l Cr(VI) concentration) initially was kept at 3 l and the process was monitored for 
5 days.  It appears from the figure that the total residual Cr(VI) concentration in the presence of Fusarium solani decreased 
to 190 mg/l on 5
th 
day when glucose was completely utilized. This indicates that 310 mg/l of Cr(VI) was removed 
biologically from the medium. The specific Cr(VI) removal was 68.89 mg/g, which was found to be nearly the same as the 
value (71 mg/g) obtained in batch operation. On the 5
th
 day, 1L of homogeneous medium was removed from the reactor and 
fresh media (1 l) was added to bring the volume to its original 3 l. This fresh 1 l media contained the required quantities of 
nutrients and the calculated quantity of Cr(VI) required to maintain the Cr(VI) concentration at 500 mg/l. This process was 
monitored till 12
th
 day and this was done to ensure the fresh nutrient availability to the Fusarium solani and dilution of the 
medium. On the 10
th 
day the biological removal of Cr(VI) was found to be 138.5 mg/l  and which remained constant till 12
th
 
day when 12% glucose till remain unutilized  and the specific Cr(VI) removal was found to be 35.51 mg/g. Similarly, second 
pulse feeding was done on the 12
th
 day and the process was monitored till 19
th 
day. On the 17
th
 day, the total removal was 
found to be 80.5 mg/l which remained constant till 19
th
 day and 50% glucose remained unutilized. The specific Cr(VI) 
removal was 25.12 mg/g. 
 
Fig. 2 Changes in residual Cr(VI) concentration with time using medium in  
constant volume pulse feeding (CVPF) mode of operation 
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Figure 3 shows the changes in residual Cr(VI) concentration  with time in increasing volume pulse feeding (IVPF) 
mode of operation  at 500 mg/l initial Cr(VI) ion concentration and at pH 5.0.  
 
Fig. 3 Changes in residual Cr(VI) concentration with time using sterile growth medium in 
increasing volume pulse feeding (IVPF) mode of operation 
In IVPF, the volume of the media (containing 500 mg/l Cr(VI) concentration) initially was kept at 1l and the process 
was monitored for 5 days when the glucose was completely utilized. The similar specific Cr(VI) removal of 68.8 mg/g was 
observed in 5 days. The first pulse feeding was done on the 5
th 
day by adding 1l fresh media and the process was monitored 
till 12
th
 day. On the 10
th
 day the biological removal of Cr(VI) in the presence of Fusarium solani was 218 mg/l and remained 
constant up to 12
th
 day and the specific Cr(VI) removal was found to be 51.9 mg/g. Similarly, second pulse feeding was done 
on the 12
th
 day and the removal was found to be decreased to 166 mg/l on the 17
th 
day and remained constant upto 19
th
 day 
when glucose was found to be 13 % unutilized. The specific Cr(VI) removal was 42.5 mg/g. 
Table 2 shows a comparison of Cr(VI) removal in different modes of operations at 500 mg/l initial Cr(VI) 
concentration and at pH 5.0 [21-28]. 
Table 2 Comparison of Cr(VI) removal in batch, CVPF, IVPF and continuous operation 
Mode of 
operation 
 
Conc. of Cr(VI) 
removal (mg/l) 
Cr(VI) 
remove (%) 
Rate of Cr(VI)  
removal (mg/l/d) 
Specific Cr(VI) 
removal (mg/g) 
Batch  320 64 64 71.1 
CVPF 
(0-5 d) 310 62 62 68.89 
1st pulse feed(6-12d) 138.5 27.7 19.7 35.51 
2nd pulse feeding (13-19 d) 80.5 16.1 11.5 25.15 
IVPF 
(0-5 d) 310 62 62 68.89 
1st pulse feed (6-12d) 218 43.6 31.1 51.9 
2nd pulse feeding (13-19 d) 166 33.2 23.7 42.5 
Continuous Single stage 274 54.8 65.76 62.27 
Multi stage 
First stage 274 84 (over all) 65.76 62.27 
Second stage 146  29.59 33 
5. Discussion  
The  growth rate of the Fusarium solani (Fig. 1(a)) and the glucose utilization rate (Fig. 1(b))  were found to be  
decreased  with  increase  in  initial Cr(VI) concentration from 0-1000 mg/l although glucose was found to be utilized 
completely in each case. 
The decreased growth of other organisms, e.g., Candida utilis with increase in initial Cr(VI) concentration from 0 to 
500 mg/l has also been reported [29]. About 95.5% decrease in biomass concentration of Candida utilis was observed as 
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compared to only 4% decrease obtained in the present study conducted with Fusarium solani when Cr(VI) ion concentration 
was increased  from 0 to 500 mg/l. These results clearly indicate that Fusarium solani can tolerate high concentration of 
Cr(VI) as compared to other organisms. 
The decrease in pH with time at different initial Cr(VI) concentration shown in Table 1 perhaps due to the formation 
of pyruvate and hydrogen ions during the growth of the Fusarium solani. An increase in pH could be due to the conservation 
of the available hydrogen ions by the coenzymes (produced in Tricarboxylic Acid Cycle) to form the reduced coenzymes 
needed for the oxidation of the Acetyl-CoA (obtained from the degradation of pyruvate) to CO2 and H2O via Tricarboxylic 
Acid Cycle. 
5.1. CVPF 
In CVPF operation, the Fusarium solani possibly could not adjust to the fluctuating growth environment due to the 
pulse feeding. Another possibility could be removal of viable cells during withdrawal of medium. This resulted in 
unutilisation of glucose and reduced growth causing reduced Cr(VI) removal. Therefore, by adopting CVPF strategy as no 
further enhancement was observed in Cr(VI) removal after first and second pulse feeding  on the 5
th
 and the12
th 
day , the 
CVPF operation was discontinued after 19
th
 day. 
5.2.  IVPF  
Although significant removal of Cr(VI) was obtained in IVPF mode as compared to CVPF mode after first and second 
pulse feeding, the values were still found to be lowered than the values obtained in the batch mode. Therefore, the process 
could not be operated further under fed batch condition.  
Table 2 shows a comparison of Cr(VI) removal obtained in the present study using CVPF and IVPF mode of 
operations with the data obtained from the earlier studies using the same Fusarium solani under batch and continuous mode 
of operations. In the batch mode, the Cr(VI) removal was 64%. In CVPF mode, the percentage of Cr(VI) removal drastically 
decreased after each feeding leading to discontinuation of the process after 19
th
 day.  A similar trend was also observed in 
IVPF operation. In continuous mode of operation, Cr(VI) removal was found to be 84% using a two- stage reactor. Out of 
the above strategies, the continuous mode was found to be the best operational strategy for continuous removal of Cr(VI) as 
the process could be operated successfully for a long time in continuous mode with higher Cr(VI) removal as compared to 
other operational strategies. The overall removal rate (mg/l/d) of Cr(VI) with batch operation was 3.1 times more than the 
rate obtained after first pulse feeding and 5.4 times after second pulse feeding in CVPF operation. The removal rate in batch 
operation is also found to be 2 times and 2.6 times more than the rate obtained after first and second pulse feeding in IVPF 
operation; on the contrary, in the continuous mode operation the overall removal rate was found to be higher than the batch 
operation in a single stage bioreactor, whereas in the second stage operation the rate of Cr(VI) removal was found to be 
decreased.  
6. Conclusion 
While comparing all the above strategies it was observed that the process of Cr(VI) removal in a single stage 
bioreactor can be continued for long time at higher removal rate. The multistage operation appears to have an advantage that 
enhanced Cr(VI) removal can be obtained and the process can be continued for a long time. A single stage reactor would be 
effective at lower concentration, whereas a multi stage reactor system shall be needed at higher concentration in higher 
removal of Cr(VI) in continuous mode. 
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